Abstract-In this paper, the effect of dead-time in a single phase wireless power transfer system (WPT) between the complementary switching pulses of the inverter leg is discussed in detail. The dead-time is always provided between the complementary switching pulses in the inverter leg to avoid the short-circuit of the input dc source. In WPT systems, high-frequency (HF) operation is desired to reduce the size of the passive components. As the frequency of operation increases, the dead-time effect becomes significant and must be addressed appropriately. This paper presents the analysis of the dead-time effect in the wireless power transfer system for an electric vehicle (EV) battery charging application. The operating waveforms for the given operating condition of the phase-shift angle and the power-factor are presented and the phenomenon of voltage polarity reversal (VPR) or notch is discussed. The effect of the notch on the fundamental component of the voltage is presented and the effect of the notch on the BMW i3 battery charging profile is evaluated. The theoretical analysis of the dead-time is verified using simulation results in PLECS.
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I. INTRODUCTION
Wireless power transfer (WPT) systems have several advantages such as non-contact nature of the power transfer, convenience, and safe operation even in inclement weather conditions. Due to the benefits mentioned above, the WPT systems have become of interest for applications such as electric vehicle (EV) battery charging, bio-medical implants, consumer electronics, and underwater vehicles. [1] - [6] . The introduction of the dynamic or in-motion charging of the EVs helps to reduce the size of the batteries and therefore reduces the overall cost of an EV. The major design challenge in the WPT systems is to maintain the performance in-spite of variations in the load condition (i.e., battery state-of-charge), the operating frequency, and the coupling coefficient (i.e., misalignment or airgap variations). Therefore, the present research in WPT This manuscript has been authored by Oak Ridge National Laboratory, operated by UT-Battelle, LLC, under Contract No. DE-AC05-00OR22725 with the U.S. Department of Energy. The United States Government retains and the publisher, by accepting the article for publication, acknowledges that the United States Government retains a non-exclusive, paid-up, irrevocable, world-wide license to publish or reproduce the published form of this manuscript, or allow others to do so, for United States Government purposes. The Department of Energy will provide public access to these results of federally sponsored research in accordance with the DOE Public Access Plan (http://energy.gov/downloads/doe-public-access-plan).
systems is focused on different coil designs [7] - [9] , use of different compensation topologies [10] - [13] , different primary side inverter topologies [14] - [16] , and control algorithms [17] - [19] to improve the power transfer and efficiency of the system.
High-power WPT systems are required to realize the fastcharging of EVs and reduce the battery charging time [20] . In addition, high-frequency operation is desired in the WPT systems to reduce the size of the passive components but comes with an engineering trade off of increased switching losses.
A typical WPT system is shown in Fig. 1 and it consists of inverter, resonant network, coils, and rectifier. The inverter constitutes of an H-Bridge (or full bridge) inverter which forms two phase-leg configurations with two semiconductor switches connected in series. In an ideal case, the dead-time between the complementary switching instances of the HF inverter is often ignored. However, in practical applications, the dead-time between complementary switching instances of an inverter phase-leg is introduced to avoid the short circuit of the input dc voltage source. With the requirement of HF operation for high-power applications (such as fast EV charging), the issues of dead-time must be addressed in the WPT systems. The introduction of the dead-time in a high-frequency system often results in the waveform distortion [21] . The dead-time issues in WPT systems have been reported in [22] , [23] . In [22] the dead-time effect in a WPT system is discussed briefly, and a control strategy is implemented on the dual-active bridge (DAB) circuit to eliminate the effect of dead-time. The deadtime effect in the WPT system inverter is also discussed in [23] and the power loss is compared for the conditions for inverter outputs with a notch and without a notch. However, a detailed analysis of the dead-time and its effect on the fundamental component of voltage and power transferred is missing in the literature.
Considering the aforementioned situation, this paper presents a detailed theoretical analysis of the dead-time effect in WPT system. The paper is organized as follows: Section II describes the operational waveforms of a WPT system and the phenomenon of voltage polarity reversal or notch due to the dead-time. Section III presents a mathematical representation of the notch and its effect on the fundamental component of the inverter voltage. Section IV presents the effect of dead-time on the wireless charging system for a BMW i3 battery using an estimated battery charging profile. The analysis performed is then verified and compared with the simulation results. Section V presents the conclusion.
II. SWITCHING CHARACTERISTICS OF A SINGLE PHASE WIRELESS POWER TRANSFER SYSTEM INVERTER DUE TO
THE DEAD-TIME Figure 1 . shows the simplified circuit of the WPT system for the analysis of operation. V IN is the dc input voltage, SW 1 , SW 2 , SW 3 , and SW 4 are the MOSFET switches, and Z r is the reflected impedance at the primary side (equivalent impedance of the circuit). The primary side inverter generates a high-frequency (HF) ac signal and the phase-shift control is implemented at the primary side to control the output voltage of the inverter. In this paper, the phase-shift control between the inverter legs is defined such that: 0 o phase-shift results in full duty cycle and 180 o phase-shift results in zero duty cycle at the output.
Following assumptions are made for the dead-time analysis in the WPT system:
• MOSFETs are ideal; • Z r is resonant during the entire operation;
A. Switching Characteristics without the Dead-Time Effect 
B. Switching Characteristics with the Dead-Time Effect
The inclusion of the dead-time in a WPT system affects the switching characteristics. Figure 3 shows the waveforms and equivalent circuits of the inverter with the dead-time. It can be seen from Fig. 3a that the voltage polarity reversal (VPR) occurs at the inverter output. The term 'notch' will be used to refer to the phenomenon of VPR in this paper. During the dead-time, both the switches in the inverter legs are OFF and the flow of current goes through the MOSFET body diodes. If the current changes its polarity during the dead-time, the pole Similar analysis was performed for different conditions of the phase-shift, α and the power-factor, φ to identify the conditions for the occurrence of the notch (summarized in Table I ). It can be implied from Table I , that the notches in a WPT system can be avoided if the notch equation defined in Eq. (1) is satisfied during the entire system operation. traditional phase-shift control technique. ψ t d is the dead-time angle given by,
where t d is the dead-time in seconds, f is the switching frequency in Hz.
From the above analysis, it can be seen that the notches in the WPT affect the voltage-time area of the inverter voltage. In addition, the zero-voltage switching (ZVS) of the MOSFET switches cannot be realized because the anti-parallel diodes φ=0, α=0 YES φ=
across the MOSFETs do not conduct during the switch turnon instance. The higher order harmonics in the output voltage also increases due to the multiple switching instances in the given switching cycle.
III. THE EFFECT OF DEAD-TIME ON THE FUNDAMENTAL COMPONENT OF THE INVERTER VOLTAGE
In Section II, the theoretical analysis of the dead-time in a WPT system was discussed for different operating conditions. In this section, a mathematical expression for the effect of the notch on the fundamental component of inverter voltage is presented. Figure 4 shows the inverter output voltage with the notch. The different angles (ψ n s ) in the output voltage are defined according to the phase-shift, α, power-factor, φ, and the dead-time angle, ψ t d . The waveform in Fig. 4 can be represented using the Fourier series as,
where, Fourier coefficients, a 0 = 0 (due to half-wave symmetry), and a n , b n are defined in Eq. (4) and Eq (5) respectively. 
IV. EFFECT OF DEAD-TIME ON TRANSFERRED POWER
As mentioned in the previous section, the notches reduce the fundamental component of the inverter voltage impacting the amount of power transferred. To study and compensate for the effect of the dead-time on the EV battery charging, the input dc voltage equation should be derived as a function of the output voltage. Figure 6a shows the circuit schematic of a typical WPT system with series-series compensation. The dc input voltage is converted to the high-frequency ac using a full-bridge inverter and is then applied to the primary coil via a suitable compensation topology (series compensation in this case). The induced emf in the secondary coil is then rectified and applied to the battery. The secondary coil is also compensated using a capacitor to increase the amount of power transferred to the load. The WPT system can be modeled using the fundamental harmonic approximation (FHA) as shown in Fig. 6b . The RMS value of the fundamental component of the input voltage (with no dead-time) is defined as,
where α is the phase-shift between the inverter phase-legs. L 1 and L 2 are the primary and secondary side coil selfinductances respectively, C 1 and C 2 are primary and secondary side compensation capacitors, R 1 and R 2 are the equivalent series resistances of the primary side and secondary side. R L is the load resistance which is replaced by the ac equivalent resistance,
2 , where the transformer turns ratio is n =
L2 L1
The primary and secondary side impedances are given as,
The input impedance at the primary side is given as,
The primary track current (equal to the inverter current) is given as,
The secondary track current is equal to the load current and is found to be,
The output voltage across the equivalent ac resistance is,
Using Eq. (11), the fundamental component of the inverter voltage is obtained
By solving Eq (6) and Eq (13), the input dc voltage can be expressed in terms of the secondary current and the load resistance as, From Eq. (12) and Eq. (14), the dc input voltage can be expressed in terms of output voltage and load resistance as,
Therefore, Eq. (14) and Eq. (15) can be used to calculate the input voltage that must be supplied to a WPT system to achieve the desired power levels required during the EV charging process.
Typical EVs today have a battery terminal voltage of 400V [24] . The battery charging profile of BMW i3 (33 kWh battery) is estimated from the charging profile in [24] (using the graphical estimation tool) and can be seen in Fig. 7 . It can be seen from Fig. 7a that the battery charging profile has two modes of operation: constant current (CC) and constant voltage (CV). The CC charging mode is maintained until a specific level of battery voltage is reached and then the CV charging mode is activated by the battery management system (BMS). The CC and CV charging modes can be used to estimate the change in the battery impedance during the entire charging time. The estimated battery impedance during the charging process of the BMW i3 can be seen in Fig. 7b . It can be noticed that during the CC mode, the load impedance does not change much, i.e., from 2.85Ω to 3.37Ω. However, during the CV charging mode, the battery impedance varies greatly from 3.37Ω to 111Ω. Figure 8a shows the power and state-ofcharge (SOC) charging profiles as a function of time. It can be seen from Fig. 8 that the power transferred to the battery during the CC mode reaches to a maximum of 50kW [24] . The current delivered to the battery during the CC charging mode is maintained at 125 A until 80% of SOC is reached. Once the 80% SOC is reached, the CV charging mode begins and the power transferred to the battery reduces slowly. It can be seen from Fig. 8 that the BMW i3 battery is charged at a faster rate in CC mode (8% to 80% SOC is reached in 30 minutes) and the battery is charged at a slower rate (80% to 99% SOC in 38 minutes) in CV charging mode.
The WPT system with the parameters listed in Table II is used to study the effect of the dead-time on the BMW i3 battery charging process. It is assumed that the constant current and constant voltage modes are unaffected by the dead-time and that the transition from CC to CV mode occurs at the same interval irrespective of the energy transferred to the battery. Figure 9 and 10 show the effect of dead-time on the output voltage, output current and output power of the system. It can be seen from Fig. 9 that, as the dead-time between the MOSFET switching instances increase, the output current and output voltage across the battery decreases. For example, with the dead-time of 1µs, the output voltage and current were reduced by ∼7% with the same value of the dc input voltage. As a result, the output power transferred to the battery and the efficiency of the overall system also reduces as seen in Fig.  10a . Therefore, the EV battery will take longer time to charge if the notches are present in the inverter voltage. Figure 10b shows the plot of output power vs the SOC for the different values of dead-time. It can be seen from Fig. 10b that as the dead-time between the complementary switching instances increase, the maximum battery SOC that can be reached with the same amount of input voltage reduces (considering the same charging time). Therefore, it is important to compensate for the loss of duty cycle at the inverter output by increasing the dc input voltage.
The dc input voltage required to compensate for the effect of dead-time can be calculated using Eq. (14) or Eq. (15) . The fundamental component of the inverter voltage can be replaced by ( U 1 ) (fundamental component of the inverter voltage by considering the dead-time) given by,
where, a n and b n are defined in Eq. (4) and Eq. (5) respectively.
Using the estimated values of output voltage, output current, and battery impedance from Fig. 7b the dc input voltage required to achieve the desired power transfer of a WPT system is calculated using Eq. (14) and Eq. (15) . Figure 11 shows the analytical values of the dc input voltage required to compensate for the dead-time effect in a WPT system. It can be seen from Fig. 11 that as the dead-time increases, the dc voltage required by the WPT sytem also increases to attain the nominal output power required to charge the battery. operate at the perfect resonance point (zero-phase angle), and therefore, a small error occurs between the simulated and the analytical results. The maximum error between the theoretical and simulation results is less than 4%. Fig. 12 shows that an increase in dead-time results in increased demand of voltage from the input source. Therefore, the effect of dead-time must be considered while designing the WPT system.
V. CONCLUSION
The effect of dead-time between the complementary switching pulses of inverter phase-legs was studied in this paper. The dead-time effect resulted in the occurrence of the notches/voltage polarity reversal at the inverter output. The dead-time analysis helped identify the conditions for the occur- power transfer system. The dc input voltage must be adjusted to compensate for the dead-time effect in a WPT system. Analytical and simulation results were compared to verify the increased demand of input voltage requirement for the deadtime effect. The simulation results showed agreement with the theoretical analysis and the error between the theoretical and simulation results was less than 4%.
